We have recently shown that the tocotrienol-rich fraction (TRF) of palm oil, a mixture of vitamin E analogs, improves amyloid pathology in vitro and in vivo. However, precise mechanisms remain unknown. In this study, we examined the effects of long-term (10 months) TRF treatment on behavioral impairments and brain metabolites in (15 months old) A␤PP/PS1 double transgenic (Tg) Alzheimer's disease (AD) mice. The open field test, Morris water maze, and novel object recognition tasks revealed improved exploratory activity, spatial learning, and recognition memory, respectively, in TRFtreated Tg mice. Brain metabolite profiling of wild-type and Tg mice treated with and without TRF was performed using ultrahigh performance liquid chromatography (UHPLC) coupled to high-resolution accurate mass (HRAM)-orbitrap tandem mass spectrometry (MS/MS). Metabolic pathway analysis found perturbed metabolic pathways that linked to AD. TRF treatment partly ameliorated metabolic perturbations in Tg mouse hippocampus. The mechanism of this pre-emptive activity may occur via modulation of metabolic pathways dependent on A␤ interaction or independent of A␤ interaction.
INTRODUCTION
Alzheimer's disease (AD) is an irreversible, progressive neurodegenerative disorder and the most prevalent form of dementia among the elderly. Worldwide, 47 million people suffer from AD or related dementia, and this number is projected to reach 131.5 minimal side effects. The development of therapeutic drugs from natural food products is thus of great interest. Natural-source antioxidants are one promising therapeutic strategy against AD. However, clinical studies conducted to date have reported inconsistent therapeutic efficacy [6] [7] [8] .
Vitamin E, a lipid-soluble antioxidant, is classified into tocopherols and tocotrienols. In addition to free radical scavenging activity, vitamin E also modulates signal transduction [9, 10] . Both tocopherol and tocotrienol classes consist of alpha (␣), beta (␤), gamma (␥), and delta (δ) isomers. The tocotrienols, while less well characterized than tocopherols, have attracted attention due to more potent antioxidant activity and associations with human pathologies [11, 12] . Tocotrienols are usually minor vitamin E components in plants, but relatively high levels are found in palm oil extracted from Elaeis guineensis (African oil palm tree). Vitamin E in palm oil contains nearly 70% tocotrienols [13] . The unique structure of tocotrienols, a short tail with 3 double bonds, allows these molecules to penetrate easily into saturated fatty layers around the brain and liver [14] . Tocotrienols have demonstrated neuroprotective effects in vitro and in vivo [15, 16] , and combining tocotrienols and tocopherols is believed to provide synergistic protection and reduce AD risk at an advanced age [17, 18] . We also reported that the treatment of tocotrienol-rich fraction (TRF) on A␤PPswe/PS1dE9 (A␤PP/PS1) double Tg mice for 10 months improved working memory and amyloid pathology in the brain [19] . Using the same treatment protocols as the paper to different individual wild-type (WT) and A␤PP/PS1 double Tg mice, we compared behavioral indices of learning and brain metabolite profiles, in order to investigate the underlying mechanism. A number of metabolomic studies performed in the last several years have revealed the complexity of the neurochemical changes associated with AD [20] [21] [22] [23] . Therefore, we also examined TRF effects in AD by untargeted metabolomics. To our knowledge, this is the first brain metabolomics study to investigate the neurochemical effects of TRF using ultrahigh-performance liquid chromatography (UHPLC) coupled to HRAMorbitrap tandem mass spectrometry (MS/MS).
MATERIALS AND METHODS

Animals
All animal protocols were approved by the Animal Care and Use Committee of the Shiga University of Medical Science (Ethical committee approval number: 2013-6-12H). A␤PP/PS1 double transgenic mice expressing a chimeric mouse/human amyloid protein precursor (Mo/HuAPP695swe) and a mutant human presenilin 1 with deletion at exon 9 (PS1-dE9) were obtained from Jackson Laboratory (Bar Harbor, ME, USA). Heterozygous females were bred with wild-type (WT) males. The offspring were genotyped by polymerase chain reaction (PCR) using the APP primers forward-GACTGACCACTCGACCAGGTTCTG/reverse-CT TGTAAGTTGGATTCTCATATCCG, and the following two presenilin 1 sequences forward-CTCT TTGTGACTATGTGGACTGATGTCGG/reverse-G TGGATAACCCCTCCCCCAGCCTAGACC and forward-ATTAGAGAACGGCAGGAGCA/reverse-GCCATGAGGGCACTAATCAT.
Heterozygous (n = 26) and WT (n = 12) male mice were used for experiments. All mice were housed in a controlled environment (23 • C, 12/12 h light/dark cycle, light period from 8 am to 8 pm) with ad libitum access to food and water. One hundred grams of standard chow contains 24.88% crude protein, 5.03% crude fat, 49 .78% of nitrogen-free extract (NFE), and 343.90 kcal energy (CLEA, Japan). This diet also contained 0.064 mg/g vitamin E, equivalent to a daily intake of 0.192 mg.
TRF administration
The TRF was dissolved at 12 mg/mL in palm oil stripped of vitamin E (PO) as previously described [19] . Briefly, five-month-old A␤PP/PS1 mice were divided into three groups, Tg-ctrl, Tg-TRF, and Tg-PO, receiving daily water (Tg-ctrl, 5 mL/kg body weight), TRF (Tg-TRF, 60 mg/kg body weight), or PO (Tg-PO, 5 mL/kg body weight) by oral gavage from 5 to 15 months of age. The TRF in this study consisted of a mixture of ␣-tocopherol (23.40%) and ␣, ␤, ␥, and δ-tocotrienol (27.30% ␣-tocotrienol; 3.34% ␤-tocotrienol, 35.51% ␥-tocotrienol and 10.45% δ-tocotrienol). Composition and molecular structure of TRF were detailed in Fig. 1A .
Behavioral tasks
All behavioral tasks were conducted at night. The timeline of the tasks is illustrated in Fig. 1B . Wildtype mice (WT-ctrl; n = 12) and A␤PP/PS1 mice that received water (Tg-ctrl; n = 8), TRF (Tg-TRF; n = 9), or PO (Tg-PO; n = 9) were kept in the testing room at least 30 min before the test for acclimation. Extra- Fig. 1 . Schedule of tocotrienol-rich fraction (TRF) administration to A␤PP/PS1 mice and the experimental design from 5 to 15 months of age. A) The composition of ␣-tocopherol and ␣-, ␤-, ␥-, and δ-tocotrienol isomers in TRF. ␣-Tocopherol has a long tail with no double bond, while all tocotrienols have a unique short tail structure with three double bonds. B) Mice were divided into four groups: wild-type mice that received water (WT-ctrl, n = 12) and three groups of A␤PP/PS1 mice that received water (Tg-ctrl, n = 8), tocotrienol-rich fraction (Tg-TRF, n = 9), or palm oil stripped of vitamin E as a vehicle control (Tg-PO, n = 9). Daily administration started at 5 months and continued until 15 months of age. All mice were subjected to behavioral tasks for 13 days before sacrifice. Brains were collected for metabolites profiling. maze cues (laboratory furniture, lights, and several prominent visual features on the walls, as well as the location of the experimenter) were held constant throughout the experiment.
Open field test
An experimental chamber consisting of a 38-cm diameter home-built circular box with walls 22-cm high and elevated approximately 10 cm above the floor was used for analysis of locomotion, exploration, and anxiety. A camera was mounted centrally above the chamber and connected to a computerized tracking system (CompACT VAS Ver.3.0x, Muromachi, Tokyo, Japan). Each mouse was placed in the center of the chamber and allowed to explore freely for 5 min. The chamber was cleaned after every trial. Duration and frequency of rearing, time spent in the center, and frequency of central entries were analyzed.
Morris water maze test
The Morris water maze (MWM) task is frequently used to assess hippocampus-dependent spatial learning and memory in rodents [24] . This test was performed in a 120-cm diameter, 36-cm deep pool filled with water (20 ± 1 • C) made opaque with white non-toxic poster color. The pool was virtually divided into four quadrants with a clear platform of 10-cm diameter submerged approximately 1 cm beneath the surface in a designated target quadrant. The MWM protocol consisted of three different tests: place navigation, a probe test, and cued navigation. After completion of the MWM tasks, several performance variables were analyzed using CompACT VAS Ver.3.0x software.
Place navigation
The place navigation learning test was conducted over 6 consecutive days. Each mouse performed 5 trials per day at 30-min inter-trial intervals. During the test, a mouse was released facing the pool wall and allowed 90 s to locate and climb onto the hidden platform; any mouse that did not find the platform within 90 s was gently guided to the platform. After finding the platform, the mouse was allowed a 20-s rest period on the platform for orientation to the visual cues in the room. In the next trial, the mouse was placed at the wall in another quadrant. After completion of the test, escape latency and swim speed (cm/s) were analyzed off-line.
Probe test
A single probe test was conducted 24 h after the last place navigation trial. During this test, the platform was removed from the pool and the mouse was allowed to swim freely for 90 s. The fraction of time spent in the target quadrant and the number of platform position crossings were measured.
Cued navigation
During the cued navigation test, the platform was shifted to another (non-target) quadrant and raised 0.5 cm above the water surface. A red flag was mounted on the platform extending approximately 7 cm above the water surface. To ensure that the mouse was using this proximal cue to locate the platform, the prominent visual features on the walls were removed and the starting points were pseudorandomly selected. Each mouse received ten trials at 30-min inter-trial intervals. Again, the maximum searching time was 90 s and the mouse was allowed to remain on the platform for 20 s. Mice that did not find the platform within 90 s were gently guided to the platform. If the average latency of the last three trials was more than 20 s, the mouse was excluded from all analyses.
Novel object recognition
The novel object recognition test was conducted according to a previous study [19] using a 38-cm diameter home-built circular box with walls 22-cm high. Wild-type mice (n = 12) and A␤PP/PS1 mice that received water (n = 8), TRF (n = 9), or PO (n = 9) were kept in the testing room at least 30 min before the test for acclimation. The test was conducted over four consecutive days and consisted of four phases: prehabituation, habituation, training, and testing. Mice were habituated with no objects in the open chamber for 5 min on day 1 (pre-habituation) and for 20 min on both day 2 and 3 (habituation). On day 4, each mouse was given a training trial followed by a testing trial. During the training trial, the mouse was placed in the chamber with two identical objects and allowed to explore for 10 min before return to the cage. In the test trial conducted 1 h later, the mouse was placed back into the same chamber for 5 min with one previous object and one novel object. All objects and the chamber were cleaned with 70% ethanol after each trial. Exploration was defined as sniffing (within 2 cm), pawing, or biting the object, but not leaning against or standing on the object. Explorations times for each object were measured and a recognition index calculated as the fraction of total exploration time spent exploring the novel object. To exclude effects of location preference independent of object familiarity/novelty, the ratio of exploration times of the two identical objects was measured during the training trial.
Location preference = Time exploring one of the identical objects/Total time exploring both identical objects × 100% Recognition index = Time exploring novel object/(Time exploring novel object + Time exploring familiar object) × 100%
Untargeted metabolomics
Brain tissue collection and extraction
Mice were sacrificed by cervical dislocation 24 h after the last behavioral test (n = 3 for each group).
Hippocampus, medial prefrontal cortex (mPFC), and striatum were dissected using a brain matrix (Mouse Brain Slicer Matrix) and sectioned at 1.0-mm coronal slice intervals (Zivic Instruments Inc., Pittsburgh, PA, USA) on a cold plate and immediately frozen on dry ice. The three brain regions and the remaining brain sample were transferred to individual tubes, weighed, and stored at -80°C until assay. For metabolite analyses, the tissue sample was submerged in 1.35 mL of a water-methanol-chloroform (2:1.5:1, v/v/v) solution and homogenized using a pestle with the addition of glass beads. The mixture was sonicated on ice and then centrifuged at 16,000 ×g for 10 min at 4 • C. The tubes were subsequently transferred to a -20 • C freezer and kept there overnight to allow residual chloroform to separate from the aqueous methanol phase. The two liquid phases were transferred to separate 1.5 mL microcentrifuge tubes and lyophilized under vacuum (Thermo Scientific Savant SPD 1010 SpeedVac, USA). Only the methanol phase was used for the current analysis. The dry residue was reconstituted in 20 L cold methanol and diluted to a final volume of 200 L with the initial LC mobile phase (0.1% formic acid in water).
Metabolomic analysis by UHPLC-MS/MS
All solvents were purchased from Fisher Scientific (New Jersey, USA) and were of liquid chromatography mass spectrometry (LC-MS) grade. Chromatography was performed on an UltiMate 3000 Rapid Separation Liquid Chromatography (RSLC) system (GmbH, Germany) coupled to a Thermo Scientific Q Exactive HF Orbitrap mass spectrometer (Bremen, Germany). The Chromeleon Xpress system and Thermo Xcalibur™ mass spectrometry data system were used as system controllers. Two microliters of extracted sample were injected (n = 3 injections for each sample) onto a syncronis C18, 100 × 2.1 mm, 1.7 m column (Thermo Scientific, MA, USA) operating at 55 • C and separated using a binary mobile phase system. The auto-sampler temperature was maintained at 0-10 • C and the order in which the samples were injected was randomized throughout the experiment. Solvents were delivered at a flow rate 0.45 mL/min, using water (Solvent A) and acetonitrile (Solvent B), both containing 0.1% formic acid. The gradient elution program was 99.5% B at t = 0 min, 50% B at t = 5.5 min, 2% B at 6-13 min, and 99.5% B at 13.1-15 min. Positive and negative ionization modes were employed under the following conditions: sheath gas flow rate of 20 arbitrary units (AU), auxiliary gas flow rate of 6 AU, sweep gas flow rate of 0 AU, capillary temperature 320 • C, and spray voltage 3.5 kV. Mass spectra were acquired using full MS/dd-MS 2 mode, in which MS 2 is triggered if an ion with high intensity is found in full MS. The orbitrap mass spectrometer was operated in Fourier transform mass spectrometry (FTMS) full MS scan mode with a high mass resolution of 60,000 and scan range of 100-1,000 m/z. Furthermore, the samples were subjected to mass fragmentation analysis (FTMS, high energy collision-trap dissociation (HCD), (20, 40 , and 60 normalized collision energy (NCE)), MS 2 ) with an isolation window of 1.5 m/z and 15,000 FTMS.
The MS was first calibrated using Pierce LTQ Electrospray Ionization (ESI) Positive Ion and Negative Ion Calibration Solution (Thermo Scientific). We used quality control (QC) samples prepared by mixing an equal volume of each sample to assess the reproducibility and reliability of the LC-MS/MS system. This pooled QC sample was injected five times prior to individual sample analysis to ensure system equilibrium and then every nine sample runs to further monitor the stability of the analysis.
Data pre-processing
Raw data were processed using Thermo Scientific TM Compound Discoverer TM 2.0 software with a single workflow 'Untargeted Metabolomics workflow with statistics and ID using mzCloud ChemSpider, Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways'. This processing workflow uses the 'Detect Unknown Compounds' node to find chromatographic peaks of unknown compounds (MW × RT) and the 'Predict Compositions' node to determine the possible elemental compositions. The processing workflow also included library search against the mzCloud TM high-resolution accurate mass (HRAM) fragmentation library, mass list search against the built-in HRAM EFS library, and map to KEGG pathways. Mass tolerance on every node was set at 5 ppm. The pre-processed data were then exported to.xlsx files for further multivariate analysis.
Multivariate statistics
Metabolomic profiles were compared among groups using SIMCA-P TM software (version 14.1, Umetrics AB, Umea, Sweden). First, data were subjected to multivariate analysis by principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA). Before statistical analyses to extract relevant biological information, data sets are usually scaled and transformed to minimize the technical variability between individual samples [25] . Data were Pareto scaled and logarithmic transformed to approximate a normal distribution. The quality of the OPLS-DA model was described by the total amount of the variation of the X variables explained by the model (R 2 X (cum) ), total amount of the variation of the Y variables explained by the model (R 2 Y (cum) ) and total amount of the predictability of the model (Q 2 (cum) ) values. Good models are obtained when the cumulative values of these parameters are greater than or equal to 0.4. Permutation testing was used to confirm the model validity. Potential features were selected according to a 'variable important in the projection' (VIP) score above 1.0, indicative of significant differences among groups. In addition, MetaboAnalyst 3.0 software was used to conduct t-tests and fold-change analysis [26] . False discovery rates (FDR) below 0.05 were regarded as statistically significant.
Features identification
Discriminant features (VIP > 1.0 and significant by FDR<0.05) detected by LC-MS profiling were identified using experimental accurate mass by searching the Metlin library [27] and Human Metabolome Database (HMDB) [28] [29] [30] with a mass accuracy of 5 ppm. These online databases are linked to KEGG [31] , PubChem [32] , LIPID MAPS [33] , and ChEBI [34] for further investigation. Putative identifications were also confirmed by comparing MS/MS spectra against the online mzCloud mass spectral database linked to Compound Discoverer 2.0 software.
Metabolic pathway analysis
To identify and visualize the metabolic pathways altered in Tg-ctrl and Tg-TRF mice, the previously identified features were analyzed using Metabolomic Pathway Analysis (MetPA) software [26] . For this, we selected the Mus musculus library and used the 'Fisher's Exact Test' and 'Relative-Betweenness Centrality' algorithms for pathway enrichment analysis and pathway topological analysis, respectively. Pathways with impact values above 0.1 are considered most relevant [35] . The information in this knowledgebase application was obtained primarily from the HMDB and KEGG [36] .
Data analysis
Data are presented as mean ± standard error of the mean (S.E.M.). Data sets that passed the Shapiro-Wilk normality test were compared by the analysis of variance (ANOVA), followed by post hoc correction for pair-wise comparisons. Data not normally distributed were compared by the Kruskal-Wallis test. One-way ANOVA was applied to all the behavioral tests data except for escape latency and swimming speed. The comparisons were performed between independent grouping variables including WT-ctrl, Tg-ctrl, Tg-TRF, and Tg-PO. Dependent variables were stated in each figure. While two-way ANOVA was applied for escape latency and swimming speed in the Morris water maze test. Days/trials and groups (WT-ctrl, Tg-ctrl, Tg-TRF, and Tg-PO) were considered as factors (independent variables). Interaction effect was not tested because we wanted to see the effects of independent variables factor only. The insignificance level was set at 0.05 for all comparisons. Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software; La Jolla, CA, USA).
RESULTS
TRF increases exploratory activity of AβPP/PS1 mice
Mice were first examined in an open field for locomotion, exploration, and anxiety behaviors as measured by the total number of movements, total path length traveled, number of line crossings, number of rearings, total rearing duration, time spent in the center, the number of central entries. Tgctrl mice exhibited exploratory deficits compared to WT-ctrl mice as indicated by fewer rearings and shorter total rearing time (p < 0.05) ( Fig. 2A, B) . ANOVA with post hoc correction revealed a significant effect of TRF supplementation on duration of rearing (p < 0.05), indicating enhanced exploration, while PO was without effect. Tg-ctrl mice also spent less time in the field center than WT-ctrl mice (p < 0.05). Tg-TRF, however, did not reveal significant differences in time spent in center and number of central entries after Bonferroni correction (Fig. 2C,  D) . Administration of PO had no influence on open field parameters. Other parameters such as the total number of movements, total path length traveled, and number of line crossings showed no significant difference among groups (data not shown). Tg-ctrl mice displayed significantly lower total rearing time and number of rearings compared to WT-ctrl mice, while Tg-TRF mice showed a significant improvement in total rearing time and a slight increase in rearing frequency. C, D) The time spent in the field center and the frequencies of central entries were slightly higher in both WT-ctrl and Tg-TRF mice compared to Tg-ctrl mice, although the difference was not significant. Data represent mean ± S.E.M. [Bonferroni post hoc test after analysis of variance (WT-ctrl, n = 12; Tg-ctrl, n = 8; Tg-TRF; n = 9; Tg-PO, n = 9)]. * * p < 0.01, * p < 0.05.
TRF improves spatial learning and memory of AβPP/PS1 mice
The Morris water maze test was conducted to study the effects of TRF on the spatial learning and memory deficits of A␤PP/PS1 mice. The test was carried out according to the schematic diagram shown in Fig. 3A . After six days of training in the place navigation test, WT-ctrl and Tg-TRF showed significantly shorter escape latencies on training day 4, 5, and 6 compared to day 1, indicating faster learning of the escape platform location (Fig. 3B) . On day six, Tg-ctrl mice took significantly more time to find the hidden platform (longer escape latency) compared to WT-ctrl mice (65 s versus 34 s, p < 0.01), indicative of a spatial learning disability, while Tg-TRF exhibited escape latencies comparable to WT-ctrl mice (40 s, p > 0.05, Fig. 3C ). These results were not attributable to differences in swimming speed (Fig. 3D) . Further, administration of PO had no effect on spatial learning. Collectively, these results demonstrate a pre-emptive effect of TRF on the spatial learning deficit in A␤PP/PS1 mice.
On day 7, a probe trial was conducted in which the platform was removed from the pool to measure spatial memory retention. Tg-ctrl mice spent significantly less time in the escape platform (target) quadrant and made fewer annulus crossing of the former platform location than WT-ctrl mice (p < 0.05), consistent with a spatial memory deficit (Fig. 3E, F) , while mice given TRF or PO showed increased time spent in the target quadrant and number of platform crossing.
The cued navigation test (visible platform test) was performed following the probe trial to determine if genetic manipulation or drug injection altered visual acuity, thereby influencing spatial learning. Escape latencies in all groups decreased progressively with All mice were subjected to place navigation training, a probe test, and cued navigation test over 8 days. B) Escape latencies to reach the platform at a fixed location during place navigation training (acquisition) from day 1 to day 6. WT-ctrl and Tg-TRF showed significantly shorter escape latencies on training days 4, 5, and 6 compared to day 1, while Tg-ctrl mice showed no reduction compared to day 1. C) On day 6 of place navigation training, Tg-ctrl mice took significantly longer to reach the platform than WT-ctrl mice, while Tg-TRF were quicker than Tg-ctrl mice. D) No significant differences in swim speed were observed among groups. E, F) A single probe test was conducted one day after the last place navigation training trial. Tg-ctrl mice spent less significantly time in the target quadrant and made fewer annulus crossings than WT-ctrl mice. G) On day 8, the cued navigation test (visible platform test) was conducted. Mice failing to reach a criterion of 20-s latency for the last three trials were considered impaired and removed from the MWM task analysis. No significant differences were detected among groups. For B, D, and G, data represent mean ± S.E.M. [Tukey post hoc test after 2-way analysis of variance (WT-ctrl, n = 12; Tg-ctrl, n = 8; Tg-TRF; n = 9; Tg-PO, n = 9)]. * p < 0.05, * * p < 0.01, * * * p < 0.001, * * * * p < 0.0001. For C, E, and F, data represent mean ± S.E.M. [Bonferroni post hoc test after analysis of variance (WT-ctrl, n = 12; Tg-ctrl, n = 8; Tg-TRF; n = 9; Tg-PO, n = 9)]. * p < 0.05, * * p < 0.01.
trial number and all mice achieved an escape latency of less than 20 s on the last three trials (Fig. 3G) , indicating comparable visual capabilities.
TRF improves recognition memory in AβPP/PS1 mice
Novel object recognition memory was tested according to the schematic diagram shown in Fig. 4A . All mice spent approximately equal time exploring the identical objects during the training trial, indicating no location bias (Fig. 4B) . Following the training trial on day 4, one of the familiar objects was replaced by a novel object and the time spent exploring the novel object was measured as a recognition index (Fig. 4C) . The Tg-ctrl mice spent markedly less time exploring the novel object than WT-ctrl and Tg-TRF mice, both of which exhibited a strong preference for the novel object (84% and 87% recognition indices, respectively). Moreover, the Tg-TRF mice exhibited greater exploratory activity to the novel object compared to PO-treated mice. This finding reveals that TRF ameliorates recognition memory deficit in A␤PP/PS1 mice.
Multivariate analysis of metabolomics data
In total, 783 accurate masses were detected in hippocampus using the positive electrospray ionization mode (ESI (+)) and 895 using the ESI (-) mode, while Fig. 4 . Administration with tocotrienol-rich fraction (TRF) prevents working memory deficit in A␤PP/PS1 mice as measured by the novel object recognition task. A) Schematic representation of the novel object recognition test. Following pre-habituation and habituation in the empty arena, mice were allowed to explore an identical pair of objects placed in the arena for 10 min as the training session. After a 1 h stay in the home cage, the mice were returned to the arena where two objects, one familiar and one novel, were placed in the same locations as in the training session. The time spent exploring the two objects was recorded. B) All groups spent approximately equal time exploring the two identical objects during the training trial, indicating no inherent place preference. C) Tg-ctrl mice spent significantly less time exploring the novel object compared to WT-ctrl mice as indicated by the lower mean recognition index, while TRF treatment of Tg mice (Tg-TRF group) increased the recognition index to the WT-ctrl level. Data represent mean ± S.E.M. [Bonferroni post hoc test after analysis of variance (WT-ctrl, n = 12; Tg-ctrl, n = 8; Tg-TRF; n = 9; Tg-PO, n = 9)]. * p < 0.05, * * p < 0.01, * * * p < 0.001. 110 and 81 accurate masses were detected by ESI (+) and ESI (-) in mPFC, respectively, and 331 and 324, respectively, in striatum. Pre-processed data were subjected to multivariate analysis for sample classification. Given the complexity of raw metabolomics data [22] , multivariate data analysis based on projection methods was used for interpretation. Prior to supervised multivariate analysis, the separation trends in the datasets were evaluated by unsupervised PCA. This discriminated the groups and yielded good clustering of samples in score plots without significant outliers according to the Hotelling T 2 -range plot. Initially, separation trends between Tg-ctrl, Tg-TRF and QC samples were examined using PCA score plots (Supplementary Figure 1) . The R 2 X (cum) and Q 2 (cum) of the score plots were 0.919 and 0.720 respectively, indicating that the models were reliable. Two groups of PCA model; WT-ctrl versus Tg-ctrl (hippocampus; ESI (-), striatum; ESI (+) and ESI (-)) and Tg-ctrl versus Tg-TRF (hippocampus; ESI (+) and ESI (-)), mPFC; ESI (+), striatum; ESI (+)) (Fig. 5) were performed to further visualized the separation trends. Both models required 4 PCs to achieved R 2 X (cum) and Q 2 (cum) above 0.4. Subsequently, orthogonal partial least squaresdiscriminant analysis (OPLS-DA) was carried out to further enhance separation trends and isolate the features responsible for differences among the samples. OPLS-DA models representing WT-ctrl, Tg-ctrl, and Tg-TRF of hippocampus, mPFC and striatum datasets were performed as in Supplementary Figure 2 . Table 1 shows the statistical parameters of R 2 Y (cum) and Q 2 (cum) to validate the OPLS-DA models. Despite the insignificance analysis of variance (ANOVA) of the cross validated residuals (CV-ANOVA) at a level of p < 0.05, the first principal component of OPLS-DA score plot revealed R 2 Y (cum) and Q 2 (cum) exceeding 0.4, indicating the robustness of model. Supplementary Figure 3 shows statistical validation of the OPLS-DA model by permutation analysis using 500 different model permutations. Model with p-CV-ANOVA value <0.05 indicates R 2 Y (cum) and Q 2 (cum) on the far right and remain higher than those of the 500 permuted mod- els to the left. After OPLS-DA modeling, features with VIP values higher than 1.0 (VIP≥1) and significant analysis by t-test (FDR<0.05) were selected for identification. The potential features that matched these criteria are listed in Table 2 . Namely Table 2 comprised putative identifications, ionization type, mass to charge ratio (m/z value), retention time (rt), fold change (Tg-ctrl versus WT-ctrl and Tg-TRF versus Tg-ctrl) and identifier. MS/MS fragmentation of the potential features can be found in Supplementary  Table 1 . In this study, we focus the analysis in the main three groups of mice which are WT-ctrl, Tgctrl, and Tg-TRF. Analysis of Tg-PO mice is shown in Supplementary Figure 4 .
Features changes with TRF treatment
Of the total discriminated features, 39 and 38 were selected as potential markers to differentiate between Tg-ctrl and WT-ctrl mice and between Tg-ctrl and Tg-TRF mice, respectively, regardless of the brain regions. Among those features, 19 were detected as altered between both comparisons. Of these, 10 were upregulated and nine were downregulated by the TRF treatment. The majority of metabolomic alterations were found in the hippocampus region, indicating that this is the most affected region in A␤PP/PS1 mice. The largest changes were observed in nucleotides, amino acids, and lipids. Nucleotides (adenine, AMP, ADP ribose and adenylosuccinate), features involve in bioenergetics (GDP-glucose, sedoheptulose, DL-malic acid, isocitrate and cis-aconitate), neurotransmission (L-aspartic acid, L-tyrosine, Lglutamic acid and acetylcholine), membrane lipid metabolism (phosphatidylinositol, phosphatidylserine, phosphocholine, and sphingosine) and oxidative stress defense (uric acid and prostaglandin) were found to be altered in Tg-ctrl mice. The alterations were then ameliorated by the TRF treatment (Table 2 ). There were also 18 putatively identified metabolite (11 upregulated and 7 downregulated) that significantly changed in Tg-ctrl (versus WT-ctrl) but not in Tg-TRF, while 19 putatively identified metabolite (12 upregulated and 7 downregulated) significantly changed in Tg-TRF mice (versus Tg-ctrl) only (Table 2) . Almost all altered pathways in Tg-ctrl and Tg-TRF mice were present in the hippocampus, while only two metabolic pathways in the striatal region showed a significant impact-value more than 0.1 and none of the metabolic pathways in mPFC region were above 0.1 (data not shown). The three most altered pathways in Tg-ctrl were phenylalanine, tyrosine and tryptophan biosynthesis, D-glutamine and D-glutamate metabolism, and alanine, aspartate and glutamate metabolism (Fig. 6A) . TRF was shown to modulate these pathways with the greatest impact on D-glutamine and D-glutamate metabolism (Fig. 6B) .
DISCUSSION
Tocotrienol has garnered wide attention as a potential therapeutic agent against neurodegenerative disease due to its potent antioxidant and neuroprotective properties. In this present study, for the first time, we evaluated the effect of TRF on behavior and cognitive functions in (15 months old) A␤PP/PS1 mice and investigated the associated metabolomic changes in different subregions of the brain. We found that certain behavioral and cognitive impairments of A␤PP/PS1 mice were alleviated by long-term TRF treatment. We also conducted a pilot untargeted metabolomic study examining the metabolic changes in three brain regions of untreated and TRFtreated A␤PP/PS1 mice. The hippocampus was the most affected region in these mice according to metabolomics, and TRF treatment was shown to modulate several metabolic pathways linked to AD. 
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Behavioral examinations
Long-term administration of TRF for 10 months improved the exploratory behavior of A␤PP/PS1 mice as evidenced by longer total rearing time, while comparable total distances travel and proportional times in the open field center indicated no locomotor impairments or elevated anxiety in A␤PP/PS1 mice, consistent with a previous comprehensive behavioral study [37] . The present study also assessed spatial learning and memory in the Morris water maze task by training mice to find a hidden platform in a fixed location (place navigation). Tg-ctrl mice exhibited impaired place navigation learning and spatial memory as revealed by the slower acquisition of platform location during training and less time spent in the target quadrant during the probe trial. This performance impairment was not due to motor or sensory deficits as there were no significant differences in swimming speed and latency to reach the visible platform among groups. We previously reported that A␤PP/PS1 mice at 15 months of age exhibit impairments in relatively long-term spatial memory [38] . Treatment with TRF improved spatial learning and memory, as evidenced by shorter escape latency. However, TRF did not improve 24-h memory retention as measured by a probe trial. Our results are in partial agreement with prior studies demonstrating positive effects of dietary TRF supplementation on spatial learning [39] [40] [41] .
Working memory is a system for temporarily storing, processing and manipulating the information required to perform complex cognitive tasks [42] . Impaired working memory has been demonstrated even at the earliest stage of AD [43] due to focal neuronal damage that gradually spreads throughout the brain. Thus, we examined the short-term recognition memory of A␤PP/PS1 using a spontaneous and non-forced test of novelty [44, 45] . Tg-ctrl mice showed a significant reduction in novel object exploration time compared to age-matched WT-ctrl mice, suggesting impaired working memory, in accord with earlier reports of age-related memory impairment in A␤PP/PS1 mice [46] [47] [48] . TRF treatment for 10 months ameliorated this memory deficit in A␤PP/PS1 mice, while PO vehicle had no effect.
Metabolomics analysis
Nineteen putatively identified metabolites involved in several metabolic pathways related to AD were altered by TRF, suggesting that TRF exerts protective effects against AD-associated metabolic disruption. Numerous studies have provided evidence for mitochondrial dysfunction in AD, including abnormalities in the TCA cycle and energy production [20, 49, 50] . Marked abnormalities in brain energy metabolism were observed in Tg-ctrl hippocampus ( Table 2 ). The decrease in glucose may reduce amino sugar and nucleotide sugar metabolism, while alterations in some component of TCA cycle could impair energy production, in accord with previous studies [22, 51] . Also, altered TCA enzyme activities have been reported in the AD brain [50] , including lower activities of isocitrate dehydrogenase and malate dehydrogenase, consistent with our findings of changes in isocitrate and malic acid. In addition, we found a significant reduction in the levels of high-energy biomolecules in Tg-ctrl mice relative to WT-ctrl mice. Reduced AMP may contribute to cellular energy dyshomeostasis and decreased AMP-kinase activity, a critical regulator of cellular energy charge as well as glucose and lipid homeostasis [52] . AMP-kinase activity decreases in AD brain, indicating reduced mitochondrial integrity, which can subsequently lead to enhanced A␤ generation through dysregulation of A␤PP processing [53] . These brain metabolic changes were rescued partially by TRF treatment. A recent study suggested that dietary tocotrienol protects neurons in the brains of aged mice by increasing protein expression of the mitochondrial transcription factor A and by maintaining mitochondrial membrane potential and ATP synthesis [16] . An in vitro study demonstrated that tocotrienol was able to maintain oxidative phosphorylation and ATP levels too [54] . Apart from modulating these features, TRF increased the levels of UMP, IMP, GMP, and ADP-ribose, all of which have been reported to be lower in the AD brain [35] and in the serum of cognitive decline mice [55] . Therefore, our findings suggest that TRF alleviates the cognitive dysfunction in AD at least in part by rescuing brain energy metabolism.
Adenosine, a purine ribonucleoside, also serves as a neuromodulator with neuroprotective effects in the central nervous system [56] . It regulates neurotransmitter release such as glutamate and acetylcholine [57] [58] [59] . Prior studies detected altered purine metabolism in the cerebrospinal fluid and brain of AD patients [60] [61] [62] . Here, we found that purine metabolism was disturbed in Tgctrl, while TRF treatment modulated the changes by increasing some of the features involved in this pathway. These effects may be related to the antioxidant activity of TRF, specifically to a reduction in superoxide generated by the nonmitochondrial ROS-generating enzyme xanthine oxidase [63] .
Metabolomic analysis also indicated disruption of neurotransmitter synthesis and dopaminergic transmission pathways in Tg-ctrl mice as observed by deficits in acetylcholine and amino acids involved in neurotransmitter production as well as by increased spermidine (polyamine). Cholinergic abnormalities [64] and deficits in excitatory neurotransmitter [35, 65] are believed to underlie the progressive loss of cognitive function in AD. Meanwhile, increased polyamine synthesis could be one of the downstream effects of A␤ [66] . Overall, TRF improved neurotransmitter metabolism in the A␤PP/PS1 mice as evidenced by increasing levels of acetylcholine, L-tyrosine, L-glutamic acid, and L-aspartic acid (Table 2 ). To our knowledge, few studies have examined the effect of vitamin E (tocopherol and tocotrienol) on neurotransmitter levels. Dietary vitamin E supplementation has been shown to protect the brain against oxidative stress, thus sustaining cholinergic function after injection of scopolamine, an inducer of dementia [67] . More recently, a study of patients with mild to moderate AD found that ␣-tocopherol was more effective in delaying cognitive dysfunction than the glutamatergic system drug memantine [68] . Taking all these facts into account, several amino acids and nucleotides are perturbed in AD, and TRF seems partly to reduce the abnormalities, as schematized in Fig. 6C . Normal brain function is particularly susceptible to the deleterious effects of oxidative stress due to the high contents (and functional relevance) of polyunsaturated fatty acids, the high metabolic rate, and relatively low levels of antioxidants [69] . Decreased pyroglutamate and uric acid in Tg-ctrl mice may reflect glutathione insufficiency [70] and a failure in scavenging of peroxynitrite in neurons [71] . Moreover, increased prostaglandin which is a product of the arachidonic acid cascade, possibly reflecting damaging pro-oxidant cascades [72, 73] . Thus, oxidative stress is strongly implicated in AD, as has been reported previously [74] [75] [76] , in contrast, treatment with the antioxidant TRF reduces the stress. Several studies have also asserted that markers of oxidative stress in AD, including products of lipid peroxidation, and decreased antioxidant enzyme activities are correlated with low levels of vitamin E [77] , further underscoring the potential of TRF as a promising treatment to improve oxidative stress responses.
Neuronal membrane breakdown caused by overactivation of phospholipase A 2 , with ensuing membrane phospholipid degradation and release of free fatty acids and lysophospholipids, is also a significant pathogenic process in AD [78] . In fact, phospholipase A 2 is most active toward phospholipids after peroxidation [79] . Perturbation of membrane phospholipids destabilizes ion homeostasis by changing membrane fluidity and permeability and leads to synaptic loss [80] . The rises in phosphocholine and choline in Tg-ctrl mice in this study may have resulted from the accelerated breakdown of phosphatidylcholine, a major membrane phospholipid. We also observed accumulation of sphingolipid intermediates such as ceramide and sphingosine in Tg-ctrl mice, indicating perturbed sphingomyelin metabolism. Oxidative stress and A␤ are thought to induce sphingomyelin degradation and to trigger ceramide accumulation [81, 82] . This ceramide can then promote A␤ deposition via an interaction with ␤-secretase [83] .
Few studies have examined a direct connection between tocotrienol and cell membrane lipid metabolism in AD. Generally, the antioxidant actions of tocotrienols are attributed to scavenging chainpropagating peroxyl radicals, thereby disrupting the lipid peroxidation cycle. The antioxidant function of vitamin E is decentralized in the chromanol ring, whereas the phenolic hydroxy group donates a hydrogen atom to quench lipid radicals [84] . After administration of TRF in A␤PP/PS1 mice, we observed a reduction in lysophospholipid levels which support the previous study that inhibition of the formation of lysophospholipids by tocopherol protects cell membranes [79] . Tocopherol may inhibit the oxidation of phospholipid substrates, thereby reducing their availability for phospholipase A 2 . The biological structure and hydrophobic character of vitamin E also play significant roles in membrane stability. In order to better understand the function of vitamin E at the molecular level, a few studies have attempted to examine its interaction with membrane components. The unsaturated structure of tocotrienols imparts greater flexibility to the side chain and it is proposed that this enhances curvature stress on phospholipid membranes [79] and allows for more efficient penetration and distribution into saturated fatty layers of brain tissue [14] . Reduction in sphingosine and ceramides in Tg-TRF mice indicates that TRF may also help in maintaining sphingolipid metabolism, as has been shown by tocopherol and combination of vitamin E in the published reports [85] [86] [87] .
Taken together, as illustrated in Supplementary  Figure 5 we proposed that TRF may improve neuronal function and behavioral performance by modulating-A␤ deposition and/or via modulation of metabolic pathways (dependent or independent of A␤ interaction). Although the mechanism is speculative at this moment, we found that pre-emptive activity of TRF is related to the modulation of metabolic pathways involved in bioenergetics, neurotransmission, membrane lipid metabolism and oxidative stress defense.
To our knowledge, this is the first study reporting that TRF can partially ameliorate behavioral deficits and alter brain metabolic abnormalities in A␤PP/PS1 transgenic mice. Nevertheless, this study has several limitations. This study used a small sample size for the metabolomics analysis due to sample constraints. Thus, we agree that additional studies are necessary to validate these findings in a larger cohort. However, in order to compensate the small size number issue, we have used appropriate statistical analyses with an emphasis to avoid over-fitting the data and have interpreted the results with caution. As shown in the study, we have performed both parametric and non-parametric to address significance and non-significance, addressed the R 2 X, Q 2 values for PCA and OPLS-DA, validation of OPLS-DA using permutation and CV-ANOVA, and MS/MS analysis for putative identification of potential metabolites. Another limitation is that we treated the mice from the age of 5 months which the amyloid deposits not yet occurred. Further studies will be needed to clarify whether TRF treatment in the later aged mice shows therapeutic effects or not.
In summary, A␤ accumulation and disturbances in metabolic pathways cause neuronal dysfunction and lead to behavioral impairment. Long-term TRF treatment was able to improve exploratory activity, memory and learning abilities of A␤PP/PS1 AD mice, while metabolomics results suggest that TRF treatment partly ameliorates the abnormalities in the brain. Mechanism of this pre-emptive activity may occur via modulation of metabolic pathways dependent on A␤ interaction or independent of A␤ interaction. These results provide a foundation for future studies on novel etiological pathways and treatment strategies for AD. We hope that these findings will stimulate further preclinical and clinical study of TRF.
